Abstract Indoor optical wireless communication (OWC) using steerable infrared beams is regarded as an important component in future 5G network. Photonic integration technologies can meet the criteria of such application, and provide low-cost, high-performance and very compact chips. In this paper, we review the recent development of photonic integration technologies suitable for indoor OWC application, and discuss in detail the current status and future opportunities of several key devices, such as the chip to free space couplers, integrated receivers and transmitters.
Introduction
Connecting and communicating with multitude of physical devices using wireless technology is an important part of the Internet of things (IoT). It was predicted that by year of 2020, there will be 6-7 devices connected per person [1] . Significant part of these devices will be connected wirelessly. This requires a revolutionary upgrade in the data capacity of the current wireless network, in order to support the ultra-high capacity data transmission from and to the device cluster as well as the data exchange among the devices. The next-generation (5G) wireless network is demanded to facilitate a 1000 times boost in capacity [2] and support the rapidly development of IoT.
The indoor home network is one of the most important scenario of the future 5G network [3] . The number of devices connected wirelessly at home area is exploding in recent years. Besides computers and smartphones, smart house appliances with integrated sensors, actuators and communication units are becoming key elements for smart home applications [4] . Those devices at home need to exchange data with each other on a real-time basis. Through an access point in every room, the devices in different rooms can then be connected. Another important application in the home area is the healthcare. Health conditions of the family members are monitored through various sensors and monitors. This can include regular tracking of exercises of adult family members, as well as real-time monitoring of elders and children. Such a healthcare network can be constructed using the framework of IoT and cloud computing technology [5] . Similarly, the home network technology can be expanded to industrial applications such as the factory of the future.
Photonic integration technologies
Photonic integration tends to integrate all the necessary functionalities, including light generation, amplification, modulation, detection, filtering and routing, in a single chip. This is the key to a complete optical system-on-chip, which has huge potential for telecom, datacom, sensing and healthcare applications [13] . Full integration can be achieved either by monolithic approach using one material system (e.g., indium phosphide (InP) [13] ), or by heterogeneous/hybrid methods using combined material systems (e.g., InP/silicon) [14] ).
Active/passive integration is one of the most important features for photonic integration technologies used in practical applications such as the OWC. The transmitters and receivers have to be compact and low power consumption, in order to be operated in small, battery-driven and mobile smart devices. Therefore an incomplete chip with external light source is not considered in this context, because of extra assembly cost and optical coupling loss. To achieve on-chip light source and amplification, InP material system is widely used, thanks to its direct bandgap and high quantum efficiency.
Carrying the promise of high performance [15] , the monolithic InP platforms have became dominant in the telecom transceiver market. Therefore the InP platforms are also well suited to building integrated transceiver chips for the optical wireless applications. As mentioned earlier, the integrated transceiver chips embedded in smart devices have to be low cost and highly reliable, in order to meet the fast growing number of devices and capacity of data. The rapid and successful development of InP generic integration in recent years [13, 16] has enabled revolutions in both cost and reliability. The key ingredients in the generic integration concept are the basic building blocks (BBBs) and the generic process flow [13, 17] . The generic process flow enables a full integration of various functionalities on the same substrate, as illustrated in Figure 1 (a) [13] . The BBBs are standardized components which can be easily assembled into a complex system. They can be fabricated in multi-project wafer (MPW) runs using a single generic process flow. In this case, the costs of R&D, material and process can be shared by multiple users and therefore reduced significantly. The reliability is also much improved thanks to the standardization in both process and design.
Silicon photonics has attracted much interest due to its high optical confinement [18] . Sub-micron waveguides and diffractive optics can be realized. Thanks to the CMOS compatibility, the passive circuits (as well as some Si/Ge devices) can be fabricated in large wafer scale and volume throughput using existing silicon foundries. However silicon has indirect bandgap. It cannot be used as efficient material for light generation and amplification. To enable on-chip electrical driven sources and amplifiers, heterogeneous integration of InP-based dies are implemented at the desired locations of the silicon photonic circuit. This is done by using adhesive or direct bonding techniques [19, 20] . Due to the limitation of die-to-wafer bonding, it can be the bottleneck of yield and throughput of heterogeneous InP/silicon chips. Transfer printing technology has been proposed [21] , which has the potential to solve the problem. The footprint of the active components can be also a limiting factor of future higher integration density. Due to the mode mismatch between small silicon waveguides and relatively larger InP mesa, the coupling length between the two has to be very long (in the order of hundreds of µm), even with optimized multi-stage designs [22] . An example of an InP amplifier section on silicon waveguide is shown in Figure 1 (b) [22] .
Another approach with similarly high optical confinement is the InP membranes [23] [24] [25] . An example of a twin-guide integration scheme is depicted in Figure 1 (c) [23] . In the InP membrane platforms, the InP functional layerstacks are bonded to a carrier wafer with a low-index optical buffer layer in between. The resulted refractive index contrast is therefore very similar to that of the silicon-on-insulator (SOI) waveguides. An advantage of the InP membranes is the flexibility of innovation in the active layerstack, to reduce the active/passive coupling length [23] and enhance fill factor in quantum wells (QWs) [24] . Another advantage is the possibility of realizing functional structures on both sides of the membrane [26] . The original surface before bonding can be processed to form topologies up to 2 µm [27] . Reliable and uniform bonding quality can still be obtained with such significant surface topologies, using optimized adhesive bonding procedures. This gives huge potential in realizing otherwise incompatible active components (e.g., lasers and uni-travelling carrier (UTC) photodetectors) in the same membrane without additional regrowth steps.
Chip to free space coupling
The coupling from guided modes in waveguides on chip to the free space and vice versa are crucial for OWC. The coupling loss at the chip to free space interface is crucial for power budget management of the entire link. The far field property of the coupler is another critical parameter. A wide field of view (FOV) is demanded for both transmitters and receivers for optimal beam construction and light collection performances, respectively. The wavelength and polarization sensitivity of the coupler are also important as they determine the tolerance of the system to wavelength shifts and polarization rotation. A wide optical band can further enable wavelength division multiplexing (WDM).
For the monolithic InP platforms, the light is typically emitted and injected through waveguide end facets. Therefore it is only possible to realize 1 dimensional (1D) arrays for beam steering purpose at the edge of the chip. 2D beam steering can be achieved by realizing weak gratings close to the waveguide core, and utilize both phase and wavelength tuning [28] . The waveguide structure is shown in Figure 2 (a) [28] . Since the optical mode in this waveguide system is weakly confined and the interaction with the grating is weak, the full width half maximum (FWHM) of the far field beam profile, which directly relates to the FOV of the free-space coupler, is very limited. The spacing between waveguides in the phased array is another important factor. It determines the number and position of unwanted diffraction orders existing in the far field. A spacing as small as possible with low crosstalk is always preferred. However the waveguide spacing is as large as 5.5 µm in [28] , due to the limitation of the optical confinement. The resulted steering range is about 16
• within the +1 st and −1 st order peaks. The waveguide spacing can be potentially further optimized using the phase mismatch technique [29] .
For the silicon and InP membrane platforms with enhanced optical confinement [18, 23] , highly efficient surface gratings can be realized to act as the chip to free space couplers. A strongly coupled grating has the advantage of compact footprint. It can diffract most of the light into free space with only a few periods of gratings. An example of a strong grating realized on silicon platform is shown in Figure 2 (b) [30] . The small footprint brings the benefits of significantly wider far field profile (more than an order of magnitude enhancement as compared with [28] ), and dense integration of phased arrays. The drawbacks are mainly the loss and the reflection. The strong diffraction will couple significant part of optical power into undesired directions (e.g., downwards into substrate and backwards into input waveguide). The problems can be reduced by using a metal reflector beneath the waveguide to couple the downward light back into the upward direction [31] , and using shallower etch depth at the entrance of the grating [30] and sub-wavelength structures [32, 33] in the grating pitches to reduce back reflection. All these improvements come with the price of increased complexity in technology. Controlling the grating coupling strength in highly confined waveguides is relatively straightforward. One can achieve weakly and strongly coupled gratings by controlling the etch depth of the grating pitches into the waveguide layer. Grating couplers with shallower etch depth (normally half way through the waveguide layer) provide lower loss and reflection, but with a relatively larger footprint [34, 35] . They have been widely deployed as the interface with optical fibers. Their maturity and ease of design and fabrication make them suitable for low-cost low-standard solutions.
Grating couplers made from metals can provide very high efficiency. For instance one can realize metallic grating structures beneath the waveguide layer, as shown in Figure 2 (c) [36] . The advantage of using metal is that one can create strong light diffraction without the need to etch through waveguide layer. Metals (e.g., silver) with relatively low optical loss are chosen. The metal grating only affect the evanescent field of the optical mode. The optical power stored in the waveguide core will not be disturbed and the loss can be reduced. Strong grating can still be achieved thanks to the significant difference in real part of the refractive indeces between metal and semiconductor/dielectrics. The metal grating proposed in [36] has the promise to achieve efficiency as high as 89%.
Since the gratings rely on the interference of light, they are typically polarization sensitive. This property is important for application in the optical wireless receiver. The light emitted from the light source is typically linearly polarized. The polarization state is uncertain at the receiver side, depending on the optical path and the relative position of the receiver. 2D grating designs [37, 38] , as shown in Figure 2 (d), can be potentially helpful to this problem. It can guarantee that the light extinction when a particular polarization state is received will not occur. Polarization scrambling [39] to the laser output is another potential technology to solve the problem.
On-chip micro-lenses can be very important to the optical wireless applications, since they can serve as a direct waveguide-to-free-space coupler, or improve the far field property of grating couplers. Microlenses fabricated with cleanroom technologies is preferred in an fully integrated optical system. Polymer based microlenses are promising candidates with good optical properties and ease of fabrication, especially in large arrays. They can be realized by photolithography [40] , molding [41] and thermal reflow [42] technologies. The microlens fabricated with reflow technology has been integrated with optical waveguides [42] (schematically shown in Figure 3) , showing huge potential to be integrated with surface grating couplers in the future.
Integrated receivers
As discussed earlier, the receiver for optical wireless signals needs to be compact and low cost to meet the drastic increase of number of devices. Therefore the optical coupler, which captures free space light, and the photodetector (PD), which converts optical signal into electrical signal for further processing, need to be integrated in a single chip. The most straightforward way is to use top-illuminated PDs (TI-PDs) [43] [44] [45] , which were commonly used in LED-based VLC systems. For the TI-PDs, a large surface area is preferred to collect free space light efficiently. However this comes with an increased capacitance, which reduces the electrical bandwidth. This optical/electrical tradeoff potentially hinders the development of ultra-high-capacity receivers. Since the TI-PDs directly converts optical signal into electrical domain when having received the light, the information on the phase of the light is lost. Therefore it is not possible to trace back the direction of the incident beam, even using TI-PD arrays.
A new class of optical receivers has been proposed [11, 46, 47] , using the concept of cascaded apertures. The collection of the light is performed by an independent coupler (e.g., a surface grating coupler). Through the coupler, the collected light becomes confined and guided in a waveguide. On the other end of the waveguide, an optimized fast photodetector is placed to convert the light into electrical signal. The coupler can be optimized for a large range of beam diameters, and provide high light collection efficiency without sacrificing the performance of the photodetector. The schematic illustration of the cascaded receivers and the comparison with TI-PDs are depicted in Figure 4 (a). The theoretical maximum data capacities of TI-PD and cascaded receiver are calculated, as shown in Figure 4 (b). The cascaded receiver shows significant advantage over the TI-PD as the beam diameter is larger than 10 µm.
Both optical coupler and the photodetector have been studied individually. The surface grating coupler was chosen as the optical coupler due to its ease of fabrication and flexibility to various beam diameters.
A FOV of about 10°was demonstrated using a non-optimized surface grating design. The surface grating design used in [11, 46, 47] can maintain its high coupling efficiency (> 50%) for a wide range of beam diameters from 1.25 µm up to 31.2 µm. No modification and complication in the fabrication process is needed. Only minor design adaption is needed for the apodization of the grating. It is worth mentioning that, comparing with TI-PDs, the grating couplers are wavelength dependent due to their inteferometric nature. At a fixed acceptance angle, the efficiency drops when the wavelength shifts from the central one. Typical grating couplers have a 3 dB optical bandwidth ranging from tens of nm to beyond 100 nm, which is sufficient for OWC application with WDM.
For the photodetector, both p-i-n and UTC schemes have been evaluated and demonstrated. The p-i-n type photodetector is based on reverse bias of a short section of an optical amplifier [46] . It has the advantage of simple design and intrinsic integration with optical sources, which is very valuable for transceivers. The UTC photodetector on the other hand is based on a special layerstack design, which is optimized for speed and linearity [48] . It can have much higher electrical bandwidth and linearity as compared with p-i-n photodetectors. But integration with optical amplifiers will require special considerations [23] .
First demonstrations show promising performance and huge potential for further improvements. Using a single receiver based on a p-i-n photodetector and a surface grating coupler, 17.4 Gbit/s OFDM wireless transmission is obtained [46] . By replacing the p-i-n photodetector with the UTC counterpart, transmission of 5 WDM channels with 40 Gbit/s OOK signal in each channel has been demonstrated in a single receiver [11, 47] . The pictures of the fabricated receiver used in [11, 47] are shown in Figure 5 .
The cascaded receiver has been intensively studied in the InP membrane platform [23] . It can be also adapted to the silicon photonic platforms, using silicon-based grating couplers [31] and heterogeneously integrated photodetectors (e.g., based on Si/Ge [49] or InP/Si [50] integration schemes).
Future work of the novel cascaded receivers can be focused on improvements of the optical aperture. The FOV can be improved by optimizing the coupling strength and footprint of the surface grating, while keeping a balance with the coupling efficiency. The polarization dependency of the surface grating can also be improved by e.g., using the concept of polarization diversity 2D gratings, as discussed in Section 3. Furthermore, integration of on-chip wavelength router and integration of receiver arrays with phase control can be studied to realize a fully integrated receiver system-on-chip.
Integrated transmitters
The requirement and implementation of integrated optical wireless transmitters can be different for access points or user terminals. At access point, the key requirements are the room coverage and beam quality. And for users, cost and compactness are of more focus.
To be able to cover the entire room with multiple receivers, the access point must be able to handle multiple beams at the same time. One approach is to use an array of light sources, where each of them is integrated with independent micro-optics. For instance an array of vertical cavity surface emitting lasers (VCSELs) can be integrated with an array of micro-machined lenses [51] [52] [53] . In this approach, the number of channels is fundamentally limited by the number of laser/lens pairs integrated in a chip. Therefore the scalability is limited. Another approach is the wavelength-steered pencil beams [7] . A pair of crossed gratings act as the steering element, which can diffract different wavelengths into 2D space. To scale up the number of channels, one just needs to add wavelengths. Those mature grating elements are commercially available and low cost. Moreover they provide high beam quality thanks to the high grating orders used [7] . To assemble a complete transmitter at the access point together with the grating elements, high-performance mass-produced and compact light sources are of high demand. Since wavelength tuning is a critical aspect for the wavelength-steered pencil beams, the quality of single wavelength lasing and the speed of wavelength sweeping are of great importance. The single wavelength lasing typically requires a wavelength filter within the laser cavity. Photonic integration can achieve integrated wavelength filters (e.g., arrayed waveguide gratings (AWGs) [54] , Mach-Zehnder inteferometers (MZI) [55] and ring resonators [56] as wavelength selection element in laser cavities. The fast wavelength switch and sweep speed can be ensured by the fast pico-second electro-optic effects [13] . Phase modulators with bandwidth higher than 40 GHz [13] is feasible in the InP photonic integration platforms. Such integrated laser chips can work with free-space grating elements to provide tunable wavelengths or multifrequency combs. High performance lasers realized on commercially available generic InP platforms can achieve record-wide tuning range with a single chip [55] , 4000 wavelength continuous fast sweep in just 2 ms [57, 58] as well as monolithically produced extra-wide optical combs [59] . Layout of the above mentioned lasers are depicted in Figure 6 . They are all designed and fabricated using generic BBBs and process flows, showing promising potential to be used in commercialization of the high-performance optical wireless transmitters.
Integrated transmitters at user terminals demand phased-array optical antennas monolithically integrated with light sources, for compactness and low cost. The monolithic InP platforms can realize 1D phased array (shown in Figure 7 (a)) composed of a tunable laser and weak gratings [28] . Full integration of light sources, phase control elements, grating couplers and photodetectors is achieved, thanks to the advantage of InP photonic integration. Very similar layout has been realized on heterogeneous InP/Si chips [60] [61] [62] . These chips use phase for steering one axis and wavelength for the other. This requires a tunable laser which typically costs more than a simple single-wavelength laser, due to the complexity and design efforts. The cost of tunable laser is acceptable for the access point as only one or few is needed in a room, but may potentially be a hinder for very low cost user terminals. In this sense, 2D phased array using compact surface gratings is more favorable for the integrated transmitters at user terminal. Many demonstrators based on silicon photonic platforms have been reported [30, 63] , integrating 2D arrays of grating couplers, phase control elements and photodetectors. An example is shown in Figure 7 (b). The integration of a single-wavelength laser with such systems is not yet available. But it can be achieved in the future using the heterogeneous integration schemes discussed in Section 2. In [64] , it is also suggested that plasmonic nanoantennas can be used to replace traditional grating couplers. Those nanoantennas can achieve significant footprint reduction, therefore enables sidelobe-free emission.
Precise phase and amplitude control are critical requirements in the optical phased array. Each phased element (e.g., grating couplers) must be independently controlled in phase and amplitude. The former is the key to the beam steering, and the latter contributes largely to the quality of beam construction. On-chip phase control can be realized with thermal-optic or electro-optic effects on the optical waveguide. Electro-optic effects are fast effects with nanosecond dynamics [65, 66] . Therefore it is suitable for fast 2D surface scan, such as in vehicle light detection and ranging (LiDAR) applications. The footprint of electro-optic phase shifters is relatively large due to the weak electro-optic effects. The length to obtain 2π phase shift is typically in the order of hundreds of microns to few millimeters, thus becoming bottleneck of the integration density and scalability. Electro-optic polymer is another candidate to provide fast and efficient phase shift [67, 68] . It has been intensively studied in context of high-speed optical modulators. The relatively short lifetime and unverified compatibility issue with other components (lasers, optical antennas) may hinder its application described in this review. Thermo-optic effect is usually regarded as a relatively slow effect, with time constants in the order of microsecond to millisecond [69, 70] . However, for indoor OWC application, the movement speed of human with portable smart devices is in the order of meter per second. Assuming a ceiling height of 3 meters, the required tuning speed of the optical beam from the transmitter is in the order of just 10 −4 rad/ms. Therefore the response speed of the thermooptically tuned optical beam can easily catch up with such indoor movement. Significant reduction of footprint (as short as about 10 µm) in thermo-optic phase shifters has been reported in CMOS-compatible doped silicon waveguides [30] .
A straightforward approach to achieve amplitude control in each phased array element is using a tunable attenuator, such as an MZI integrated with heater [63] . This passive approach brings convenience in design and process, but sacrifices the output power. It is due to the fact that all the other optical antenna elements have to be attenuated to accommodate just one or few elements with higher path losses. Amplitude control with on-chip optical amplifiers would provide full flexibility from attenuation to amplification, simply using either forward or reverse bias. High performance optical amplifiers with the capability to be integrated with high-confinement waveguides and optical antennas are available in several platforms, with the potential of large-scale deployment using either wafer-scale [27] or transferprinting processes [21] . Attention is needed in the near future in the thermal management of high density optical amplifiers, especially in terms of thermal crosstalk in high density circuits [71] .
Reconfigurable transceivers can be a promising low-cost solution, which acts as receiver or transmitter using same set of devices. This concept has been proposed in [72] , which is schematically shown in Figure 8 . The key element in such concept is a reconfigurable gate, which can be realized by a p-i-n diode. In receiver mode, the p-i-n diode acts as a photodetector and converts collected light from grating coupler into electrical signal. If the length of the diode is designed properly, it can block the light from propagating towards next stage of the circuit. In transmitter mode, the p-i-n diode can be transparent to light when being forward biased to a certain level. Therefore on-chip light source can directly send light through the grating coupler into the free space. Such reconfigurability needs to be operated in divided time, which has potential in applications such as the broadcast and data exchange among wireless devices. Initial demonstrative experiment has been carried out [72] . In the work, a p-i-n diode was integrated with a grating coupler, forming a basic element of the reconfigurable receiver. Due to fabrication issue, the detector has only 2 GHz electrical bandwidth. However data transmission of 17.4 Gbit/s OFDM signal with 16-QAM modulation was still successful, showing the capability of this simple p-i-n diode in handling complex data formats. Transmitter mode was not reported in the work due to the same issue in the diodes. With the development of high-performance active diodes [27] , the proposed reconfigurable scheme has a high promise in the near future.
Summary and prospects
In this paper, the recent development of infrared-beam OWC using photonic integrated technology is reviewed. The rapid maturing of photonic integration can provide high-performance, low-cost and compact solutions for optical wireless signal transmission in the indoor scenario. Tens of Gbit/s data transmission has been achieved in a single device level. On the other hand, high integration density up to thousands of components per chip can boost the chip complexity and performance towards fully integrated OWC system-on-chip.
The optical wireless chips can also co-integrate with microwave photonic functionalities, as discussed in [73] . The radio beams have larger beam spread, hence wider coverage, while the optical beams are concentrated, hence secure and high-capacity. Since they share a lot of basic functional components, the integrated optical wirless systems and microwave systems have the potential to be constructed in the same platform using same technology and BBBs.
Electronics is indispensable in any optical communication systems. The co-integration of photonics and electronics can result in significant reduction of packaging costs, parasitics as well as power consumptions. It is therefore very promising for future OWC. A silicon photonics based demonstrator is reported in [74] , which integrated photonic interconnects in a microprocessor, yet with the absence of on-chip light source. Another promising concept is the wafer-scale integration of photonic and electronic circuits in heterogeneous layers with very short interconnections [23] . In this approach, possible incompatibilities of technologies used for photonics and electronics can be minimized, and the mature design libraries and process technologies from both worlds can be utilized.
Finally, the bright future of integrated OWC chips is enabled by successful commercialization and openaccess of photonic integration platforms 1)2)3)4)5) . A pulling driving force from the industry is foreseen. Prototyping with reduced cost through MPW runs will attract significant industrial designers, especially the small and medium-sized enterprises (SMEs).
